SUMMARY: Since many salmonid species have the alternative life history strategies, they provide us a good opportunity to solve such a riddle. In a model, the anadromous life history of salmon may not be an evolutionarily stable state. If the gain in fitness from staying in a river exceeds the fitness from the sea, the fluvial life history can occur or vice versa. Some data may support these predictions. The relative reproductive success of migratory and fluvial females has latitudinal variation (so called geocline); the latter will be higher at the southern limits of the ranges, and conversely, the former will have higher fitness at the northern part, probably supporting the food availability hypothesis.
INTRODUCTION
Many animal species migrate long distances for feeding or breeding purposes and the points to which they return are very precise and the degree of return is high. 1,1,3) Such obligatory migrations should evolve when they maximize the expected lifetime reproductive success of individuals. 2,4,5) In many species or populations, however, alternative life histories occur and some individuals migrate while others do not. This is especially common within salmonid fishes where both anadromous and fluvial populations or individuals are found. 6, 7, 8, 9 ,but see 10) (see Table 1 )
The evolution of such alternative life history tactics, anadromy versus fluvial, represents an important bifurcation in the migration evolution of these species. However, scant information exists on their evolution.hut see 16,17,18,19.20) We review why fluvial forms of salmonids evolve or are maintained in anadromous salmonid fishes through natural selection. We will examine the evolution from anadromous to fluvial forms (or vice versa) over the range of environmental conditions encountered throughout the species' distribution. The variable patterns of migration and reproduction are usually interpreted in the context of a freshwater origin for salmonids.10, but see 21) From the genetic and morphological points of view, the phylogeny of at least salmonid genera and species suggests that primitive salmonids are restricted to freshwater (genus 
SALMONIDS
Why do salmonids evolve anadromous life histories? Northcote25) has summarized the various strategies for freshwater fish migrations, and the reasons given in his review could easily apply to fish migrations in general, whether it be in fresh water, sea water or movements between the two. He suggests that fish migration has evolved (1) to optimize feeding, (2) to avoid unfavorable conditions, (3) to enhance reproductive success and (4) possibly to promote colonization.,,c 3) This question was rigorously modeled by Gross4 in terms of the relative fitness advantages from river and ocean habitats in diadromous life histories. Harada26) modified the model of Gross to a more general formula, although both authors ended up with the same prediction. We consider only the anadromous evolution of salmonid fishes.See 27) Let I and b be the probability of an individual surviving to reproduction and its fecundity, respectively. In this case, the expectation of reproductive success is lb. If reproductive success of female is proportional to their body size, where u is instantaneous mortality; g is instantaneous growth rate; the subscripts "A" and "NA" mean anadromous and non-anadromous (resident) form, respectively, and the subscripts "1", and "2" and "m" mean freshwater habitat, ocean habitat and migrating period, respectively; t is the proportion of time (t1+t2+tm=1); T is age at maturity. For the evolution of anadromy, the expected reproductive success of the anadromous form lAbA must be higher than that of the resident form lNAbNA . Substituting above equations, the condition for the evolution of anadromy (lNAbNA<lAbA) becomes This implies that average of the difference between the growth rate and mortality of the anadromous form must exceed that of the resident form. During migration, the growth rate usually decreases (gm<g1) and the mortality usually increases (um> u1). Furthermore, survivorship in anadromous species is generally higher in rivers than in the sea. If these conditions are satisfied, eqn 1 becomes g2<g1
(2) That is, the growth rate (and as a consequence, body size at maturity) may be a key variable in salmon migration evolution.see 4, 28) . Greater adult body size may be an important determinant of reproductive success in salmonid fishes that compete strongly for mates.29).
In contrast, if g2 g1 , eqn 1 can not be realized for the same conditions (gm<gl, um> u1 and u2>u1). In this case, the anadromous migration does not evolve. The presence of an alternative life history in anadromous salmonid species4), may be attribute to the environmental condition in which the productivity of the freshwater habitat is higher than that of the sea.
Considering the importance of food intake for body growth and the contribution of growth to fitness through the decreased mortality and increased fecundity, Gross et al. 28 ) proposed a food availability hypothesis (FAH) which predicts that the relative productivity of oceans and freshwater habitats changes with latitude and anadromy will evolve when the ocean productivity is greater than that in the neighboring freshwater habitats. In the northern hemisphere, ocean productivity (primary productivity) relative to the neighboring freshwater habitats decreases gradually from north to south.28) Particularly, the primary productivity of the Bering Sea and Okhotsk Sea may be relatively high.29) Since food availability for individuals strongly affects their growth rate or body size at maturity, we predict that a latitudinal trend occurs in their body size at maturity and/or growth rate, reflecting the difference of food availability between ocean and freshwater habitats with latitude. This FAH may be applicable to the evolution of salmon migration, although not applicable to that of the other diadromous fishes (anadromous is particularly true in females, because their body size is strongly correlated with fecundity.43) In the southern range of their distributions of both species, however, body sizes of anadromous and fluvial forms appear to be similar or be slightly larger in the former (Fig. 1) . Considering the high survival rate of the fluvial form relative to the anadromous one, this suggests that the fitness of both forms are almost same in this part of their range and also that the advantage for the fluvial form (including the land-locked population) exceeds that for anadromy at the southern limit of their distribution. Thus, under the assumptions that ocean productivity relative to the neighboring freshwater productivity decreases from north to south and growth rate may be proportional to adult body size, the observations support our predictions derived from the model and the FAH in data sets of both species. Therefore, food availability in freshwater may exceed that in the sea near the southern end of the distribution of charrs. Additionally, as expected by the model,4) increased times for migration and decreased survivorship during migration from river to the sea will also become costs in evolution of anadromy. Because they always live upstream around the southern limits of salmonid distribution,40) the more southern is their habitat, the higher the elevation of their thermal habitat and the more the migration risk will increase.35) Here, we note that there is no significant relationship between the body size of fluvial and land locked chary and latitude. The threshold size sensu 44, 45, 46, 47, 48) Considering the distribution of the fluvial and anadromous forms throughout their range (Fig. 1) , we suggest that the potential fitness of the fluvial life history, especially in stream resident females, is much lower in the northern part of their range than that of the anadromous form, and that the opposite may occur in the southern part. The relative fitness of both forms will be shown as in Fig.2 . Figure 3 provides a summary of the hypothesized fitness of fluvial and anadromous life histories relative to each other across their geographical range. Populations existing north of L* (Fig. 2) receive greater fitness advantages from the anadromous life history (a in Fig. 3 ) while those south of L* receive greater fitness advantage from the fluvial life history (c in Fig. 3 ). Populations existing near L* (b in Fig. 3 ) might adopt: (1) either life history depending upon local food cost such as stream productivity or predation pressure, or (2) mix of the alternative life histories depending upon the differential costs and benefits to specific individuals within a population. For instance, larger individuals within a population may derive less residual fitness benefit from growth in Fig. 2 The hypothetical relationship between fitness of anadromous (A) and fluvial (F) populations of salmonids and their latitude. In the southern limits of their ranges, the fitness of the fluvial life history exceeds that of the anadromous life history. In the northern part, the reverse holds true. Near L*, the relative fitness of the two life histories is approximately equal, suggesting the coexistence of both life histories. the sea, while smaller individuals may gain relatively more residual fitness benefit. At this boundary (L*) both anadromous and fluvial (both female and male) apparently coexist in streams for S. malma in Shiretoko Peninsula, Japan,51,52) for S. leucomaenis in Oshima Peninsula Hokkaido Japan 47,53) and for 0. masou in Tohoku, Honshu, Japan.kiso pers. com.)
However, there may be some problems with the FAH. Unlike Dolly Varden and white-spotted charr, in Atlantic salmon and brown trout there was no significant relationship between mean adult size and latitude. 49, 50) The difference among salmonid species may be due to a difference of productivity among oceans and/or a difference of migration mode among species.
CONCLUSION
The mechanism producing the fluvial life history in salmon and trout will be a conditional strategy, due to responses to environmental conditions that are genetically controlled .44,54,15) As shown in previous studies, 44, 45, 46, 47, 48 ) the critical or growth-rate threshold, at which an individual makes a decision to become fluvial or migratory, may be selected in response to the difference in their relative fitness between fluvial and migratory forms. In the northern part of the distribution range in some species of salmon or trout, the relative reproductive success of migratory and fluvial females has latitudinal variation (so called geocline); the fluvial is higher at the southern limits of the ranges, and conversely, the migratory have higher fitness at the northern part. Therefore, all members of a population become fluvial where reproductive success of females may not be different between sea run and fluvial. A critical threshold will drastically be selected for a minimum size when there is no difference between anadromous and fluvial life history. Probably the difference in productivity between ocean and freshwater is important, affecting on their growth rate. Our hypothesis includes some testable predictions. For example, (1) juvenile growth rate will change throughout a species' distribution, probably due to differences of food abundance, (2) in the region where fluvial and anadromous salmon or trout coexist, fitness of both female life histories may be about equal. Furthermore, (3) we will be able to create the fluvial form from the anadromous one by growth-rate and/or genetic manipulation, and vice versa. These may play an important role in understanding the evolution or persistence of alternative life histories of salmon.
